Two distinct populations of myoblasts, distinguishable by ␣7 integrin expression have been hypothesized to give rise to two phases of myofiber formation in embryonic limb development. We show here that ␣7 integrin is detectable far earlier than previously reported on both "primary" and "secondary" lineage myoblasts and myofibers. An antibody (1211) that recognizes an intracellular epitope allowed detection of ␣7 integrin previously missed using an antibody (H36) that recognizes an extracellular epitope. We found that when myoblasts were isolated and cultured from different developmental stages, H36 only detected ␣7 integrin that was in direct contact with its ligand, laminin. Moreover, ␣7 integrin detection by H36 was reversible and highly localized to subcellular points of contact between myoblasts and laminin-coated 2.8-m microspheres. Prior to secondary myofiber formation in limb embryogenesis, laminin was present but not in close proximity to clusters of primary myofibers that expressed ␣7 integrin detected by antibody 1211 using deconvolution microscopy. These results suggest that the timing of the interaction of preexisting ␣7 integrin with its ligand, laminin, is a major determinant of allosteric changes that result in an activated form of ␣7 integrin capable of transducing signals from the extracellular matrix commensurate with secondary myofiber formation.
INTRODUCTION
Myofiber development occurs in two phases, a conclusion based primarily on morphological observations (Kelly and Zacks, 1969) and myosin isoform expression (Cho et al., 1994) . In rat, primary myofibers are detectable by embryonic day 13 (e13), whereas secondary myofibers first become evident by e16 as a rosette of small-diameter fast myosin-expressing myofibers surrounding the larger slow myosin-expressing primary myofibers. Secondary myofibers eventually become the predominant myofiber type and as both myofiber types mature, they become morphologically indistinguishable from one another. The derivation of secondary myofibers has long been a source of debate. These myofibers could arise either 1) from a distinct population of myoblasts that populated the limb at the same time as primary myoblasts but remained quiescent until specific signals stimulated their division and differentiation or 2) from primary myoblasts by division at a given point in time (Cho et al., 1994; Hughes and Blau, 1992; Hughes et al., 1993) . Studies demonstrating the presence of proteins on secondary, but not primary, myoblasts, such as the cell signaling receptor, ␣7␤1 integrin, have been used to argue that secondary myofibers arise from a distinct myogenic population (George-Weinstein et al., 1993) . However, the temporal expression detected was dependent on the specificity of the reagents (antibodies) used. Moreover, the significance of the appearance of this integrin on secondary fibers, but not primary fibers, was not previously investigated.
There are many lines of evidence that suggest that integrins and their interactions with the extracellular matrix (ECM) play a major role in cell migration, adhesion, and signaling at different stages of normal tissue development (Hynes, 1999) including muscle. Most integrins are pre-dominantly receptors for extracellular matrix proteins, such as collagens, fibronectins, and laminins. In mammals, there are 18 different ␣ subunits and 8 different ␤ subunits that can combine to form at least two dozen different integrin heterodimers. Furthermore, alternative splicing of both subunits can lead to additional isoforms. For example, the ␣ subunit of ␣7 integrin can, by alternative splicing, produce ␣7A and ␣7B, which differ only in their cytoplasmic regions (Song et al., 1993) or ␣7X1 and ␣7X2, which differ only in their extracellular regions (Ziober et al., 1993) . Elimination of various integrins by targeted homologous recombination has resulted in embryonic lethality, confirming the importance of these matrix-integrin interactions in morphogenesis (for a review see Fassler et al., 1996) . In muscle development, the importance of integrin-matrix interactions is clear from the finding that proper somite formation does not occur along the posterior region of the neural tube in mice lacking ␣5␤1 integrin (Yang et al., 1993) . Moreover, in vitro studies have shown that the prevention of ␤1 integrin signaling using the antibody CSAT, specific to ␤1 integrin, blocked the transition of myoblasts to their differentiated state (Menko and Boettiger, 1987) . Most striking is the finding that, in muscle, the absence of ␣5 (Taverna et al., 1998) or ␣7 integrins (Mayer et al., 1997) has led to muscular dystrophy, suggesting a role in protection from programmed cell death (Disatnik and Rando, 1999; Frisch and Ruoslahti, 1997) .
Laminin, an extracellular matrix component, is recognized by and capable of activating at least seven integrins (␣1␤1, ␣2␤1, ␣3␤1, ␣6␤1, ␣7␤1, ␣9␤1, and ␣6␤4) (Fassler et al., 1996) , suggesting its importance in numerous matrixintegrin interactions. In muscle, the secretion of various laminin isoforms is controlled in a tightly regulated manner during development (Patton et al., 1997) . The ␣7␤1 integrin has been shown to recognize both laminin-1 and laminin-2 (Yao et al., 1996a) . Laminin-1 is first observed at the ends of early primary differentiated muscle fibers, where it is thought to play a role in fusion, while laminin-2 is predominant in late secondary fiber formation and in adult muscle (Patton et al., 1997) . That laminin is important in development is clearly demonstrated in the dy/dy dystrophic mouse in which laminin-2 is completely absent, leading to this particular form of muscular dystrophy (Sunada et al., 1994) and mislocalization of its receptor ␣7␤1 integrin (Vachon et al., 1997) . Furthermore, myoblasts derived from knock out mice lacking the laminin-2 isoform detach from culture dishes and degenerate (Kuang et al., 1998) . Laminin-1 also appears to play an important role in muscle culture, as it is capable of promoting myoblast migration (Ocalan et al., 1988) and replication (Foster et al., 1987) . These various effects of laminin-1 and laminin-2 on muscle development appear to result from its interaction with the laminin receptor, ␣7␤1 integrin (Yao et al., 1996b) , providing further evidence for the role of this integrin in myogenesis.
The studies presented here evaluate the role of ␣7 integrin in myogenesis during development. Data in support of the existence of two distinct myoblast populations, or lineages, stem from the observation that the expression of the muscle-specific integrin ␣7 appears to be limited to a subset of myoblasts both in vitro and in vivo (GeorgeWeinstein et al., 1993) . Here, we provide evidence that this interpretation was due to the specificity of the antibody H36 used previously. We show that this antibody recognizes an epitope on ␣7 integrin only in the presence of laminin. Using a different antibody to ␣7 integrin, 1211 (Yao et al., 1996a) , which recognizes an intracellular epitope in the absence of ligand, we show at the single cell level using deconvolution microscopy that ␣7 integrin expression is detectable on primary myofibers in embryonic limbs as early as e14.
These data provide new insights regarding the timing of ␣7 integrin expression and its significance to myogenesis. Our results demonstrate that the presence of ␣7 integrin protein is not, per se, a marker of a distinct lineage of myoblasts that give rise to secondary myofibers. Instead, although both ligand and receptor are expressed at the same time early in limb development, contact of laminin with its receptor ␣7 integrin is temporally controlled and does not occur prior to secondary myogenesis. We postulate that the allosteric change in conformation associated with the interaction and activation of preexisting ␣7 integrin upon contact with laminin occurs later in embryogenesis. Thus, a posttranslational change in ␣7 integrin appears to distinguish the two waves of myoblasts that participate in muscle development. The resulting activation of the receptor induces a previously nonfunctional signal transduction pathway that may be critical to secondary myofiber formation and function.
MATERIALS AND METHODS

Isolation of Muscle Cells
Primary cultures containing a mixture of cell types were obtained from the hindlimbs of Sprague Dawley neonatal rats (Simonsen Laboratories, Gilroy, CA; Harlan Sprague Dawley, Indianapolis, IN), as previously described (Rando and Blau, 1994) . Briefly, the hindlimbs were removed from neonatal rats (1-5 days old) and the bones were dissected away. The muscle was then placed in a few drops of phosphate buffered saline (PBS) to keep it moist. After collecting four hindleg muscles in PBS, the muscle was dissociated both enzymatically and mechanically by mincing the muscle into a coarse slurry with a razor blade in 1 ml of a solution of dispase (grade D, 2.4 U/ml; Roche Molecular Biochemicals, Indianapolis, IN) and collagenase (class II, 1%; Roche Molecular Biochemicals), supplemented with CaCl 2 to a final concentration of 2.5 mM. The slurry was then maintained at 37°C for 30 -45 min with occasional mixing. To remove the enzymatic solution, the slurry was then spun down at 350g to sediment the dissociated cells, the pellet was resuspended in growth medium, and the suspension was plated on collagen-coated dishes, or on laminin where indicated.
Muscle Cell Culture Conditions
The growth medium for primary myoblasts consisted of 80% Ham's F-10 nutrient mixture (Irvine Scientific, Santa Ana, CA), and 20% FBS (Hyclone Laboratories, Logan, UT), supplemented with 2.5 ng/ml bFGF (Promega, Madison, WI), penicillin G (200 U/ml), and streptomycin (200 g/ml). L6 cells were grown in 80% DME (Irvine Scientific) and 20% FBS. Differentiation media for primary myoblasts and for L6 was composed of 98% DME and 2% horse serum (Hyclone Laboratories). Cells were grown in a humidified incubator at 37C in 5% CO 2 on tissue culture plastic that had been coated with 0.01% type I collagen (Sigma, St. Louis, MO) or coated with 0.02% laminin (Roche Molecular Biochemicals) in PBS.
Transfection of Rat Primary Myoblasts with Mouse ␣7 Integrin
Both the mouse ␣7 integrin cDNA (Ziober et al., 1997) and rat monoclonal antibody to mouse ␣7 integrin were kindly provided by Randall Kramer. This plasmid was transfected into rat myoblasts using Lipofectamine (Life Technologies). Transfected cells were then examined both by immunohistochemistry and flow cytometry with a monoclonal antibody specific to mouse ␣7 integrin, Ca5.5 (Yao et al., 1996a) , to confirm protein expression.
Immunofluorescence Staining of Cultured Cells
Cells were fixed in 1.5% formaldehyde and 0.02% azide in PBS for 5 min at room temperature. The cells were then rinsed three times for 5 min each in 0.02% azide in PBS (PBS/azide). The PBS/azide was then replaced with a blocking buffer consisting of PBS/azide with 0.5% bovine serum albumin (BSA). For desmin staining, 0.01% saponin (Sigma) was also added to the blocking buffer to permeabilize the cells. The cells were incubated in this blocking solution for 15 min at room temperature. The following antibodies were used at a 1:400 dilution in blocking buffer: rabbit polyclonal antibody 1211 characterized and shown to be specific to a conserved region in rat and mouse ␣7 integrin by both immunoprecipitation and immunoblotting (Yao et al., 1996a) , (kindly provided by Randall Kramer); a mouse monoclonal antibody to rat ␣7 integrin, H36 (Kaufman et al., 1985) (kindly provided by Stephen Kaufman); a rat monoclonal antibody to mouse ␣7 integrin, Ca5.5 (Yao et al., 1996a) ; a rabbit polyclonal antibody that recognizes multiple laminins (Sigma), and a rabbit polyclonal antibody to desmin (Sigma). Each antibody was applied for between 1 and 12 h. The cells were then rinsed with blocking buffer supplemented with 2% normal goat serum to block nonspecific binding of the secondary antibodies. For ␣7 integrin staining with the H36 antibody, the secondary antibody used was Alexa 488 goat anti-mouse IgG (Molecular Probes, Eugene, OR) at a dilution of 1:200. For desmin, laminin and ␣7 integrin (1211 antibody) staining, either Alexa 488 (Molecular Probes) or Texas Red (Jackson ImmunoResearch, West Grove, PA)-conjugated goat anti-rabbit IgG antibodies were used at a 1:200 dilution.
Immunostained cells were visualized using a Zeiss Axiophot fluorescent microscope. Deconvolution sections of immunostained cells were prepared using an Olympus IX-70 inverted fluorescent microscope and the DeltaVision deconvolution software package (Applied Precision, Issaquah, WA).
FACS Analysis of Cells
Cultures were harvested in trypsin-EDTA, washed twice by centrifugation for 2 min at 1000g in calcium and magnesium-free PBS (PBS-wash) containing 0.5% BSA (used for all washes and antibody dilutions). The cells were counted using a Coulter Model Z1 counter (Coulter, Miami, FL), resuspended in PBS-wash at a concentration of 1 ϫ 10 7 cells/500 l, and then transferred to Eppendorf tubes. Cells were then incubated on ice for a minimum of 15 min with a 1:500 dilution of H36, the monoclonal mouse anti-rat antibody to ␣7 integrin. The cells were centrifuged at 1000g for 2 min, the supernatant was removed, and the cell pellet was washed by resuspending in 200 l of PBS-wash. Cells were then incubated on ice for a minimum of 15 min with a 1:200 dilution of FITC-Goat anti-rat IgG (Jackson ImmunoResearch), and then centrifuged at 1000g for 2 min, the supernatant removed, and the cell pellet washed by resuspending in 200 l of PBS-wash. The cell suspension was then centrifuged at 1000g for 2 min, the supernatant removed, and the pellet resuspended in 200 l of PBS-wash with propidium iodide (1g/ml; Sigma) for FACS analysis.
Cells were analyzed using a FACStar cell sorter (Becton Dickinson, San Jose, CA). ␣7 Integrin levels were measured by quantitating FITC fluorescence, and propidium iodide was used to eliminate dead cells. The fluorescence and light scatter channels were calibrated to standard sensitivity using fluorescent polysterene microspheres (Polysciences, Warrington, PA). A flow rate of 2000 cells per second was utilized. For each analysis, data were collected from 10,000 cells and processed using FlowJo software (TreeStar, San Carlos, CA). Both unstained cells and cells stained with the secondary antibody alone served as negative controls.
Northern and Western Blot Analysis
RNA was isolated from cell cultures of rat primary myoblasts using the RNeasy kit (Qiagen, Chatsworth, CA). Then, 10 g of each RNA (determined spectrophotometrically) was denatured and loaded on a 0.8% agarose formaldehyde gel and transferred to Nytran membranes. A pBluescript plasmid containing the fulllength cDNA of mouse ␣7 integrin (kindly provided by Randall Kramer) was used to prepare an RNA probe that recognizes both mouse and rat transcripts. As a loading control, an RNA probe was prepared for ribosomal protein L32 (RPL32), a housekeeping gene (Li et al., 1996) . Both probes were prepared using the DIG RNA labeling kit (Roche Molecular Biochemicals).
Protein was isolated from rat primary myoblasts by lysing cells in 50 mM Tris-HCl, pH 7.5, 0.1% Triton X-100, 150 mM NaCl, 5 mM EDTA, 1 mM PMSF, and a protease inhibitor cocktail (Roche Molecular Biochemicals). Lysates were centrifuged in a microfuge at full speed for 3 min, after which the supernatant was then transferred to a fresh test tube. Bradford assays were used to determine protein concentration. Then, 40 g of protein was loaded on each well of a 4 -15% gradient precast gel (Bio-Rad, Richmond, CA). The resulting gel was electrotransferred to a Hybond-ECL membrane (Amersham Pharmacia Biotech, Piscataway, NJ) and then probed with either antibody H36 at a dilution of 1:400 or antibody 1211 at a dilution of 1:1000. Ponceau S (Sigma) staining was performed to confirm equivalent loading per lane. Antibodies to ␣7 integrin were then detected using the appropriate secondary antibodies (described above) conjugated to horseradish peroxidase and the ECL kit (Amersham Pharmacia Biotech).
The chemiluminesence signals on both Northern and Western blots were detected using autoradiograph film and quantitated using the Lumi-Imager (Roche Molecular Biochemicals). The value of 1 was assigned to the level of RNA or protein measured for cells on laminin. The expression level measured for cells on collagen was expressed relative to the value obtained for cells on laminin.
Laminin Bead Experiment
Tosyl-activated 2.8-m M-450 Dynabeads (Dynal, Lake Success, NY) were coated according to the manufacturer's instructions. Laminin at a concentration of 0.02% (Roche Molecular Biochemicals) in a 0.1 M borate buffer, pH 8, was used for coating beads. Rat primary myoblasts were grown on collagen-coated slides (Lab-Tek II; Nunc, Naperville, IL). Laminin-coated or control uncoated beads were added to the media and left to adhere to the myoblast culture overnight. The cells were then fixed using 1% formaldehyde and immunostained with both the rabbit polyclonal antibody to laminin (Sigma) at a 1:1000 dilution and the mouse monoclonal antibody H36 to rat ␣7 integrin at a 1:500 dilution. The laminin and H36 antibodies were visualized with Texas Red or Alexa 488 secondary antibodies, respectively, as described above. Immunostained cells were examined by deconvolution microscopy, as described above.
Preparation of Embryonic Tissue Sections
Rat embryos were isolated at 14, 17, and 21 days of gestation from timed pregnant Sprague Dawley females (Harlan Sprague Dawley). Pregnant rats with embryos at the particular stage of gestation of interest indicated above were euthanized by carbon dioxide inhalation in accordance with the guidelines of the Stanford Administrative Panel on Laboratory Animal Care and as recommended by the 1993 Report of the AVMA Panel on Euthanasia. Anesthesia was followed by cervical dislocation to ensure euthanasia, after which the rat embryos were removed from the uterus and rinsed with sterile PBS. Freshly isolated embryos were placed in cryomolds in Tissue-Tek O.C.T. Compound (Sakura, Torrance, CA). The embryos were then immediately frozen in an isopentane (Sigma) bath immersed in liquid nitrogen. The frozen embryos were stored on dry ice and then transferred to Ϫ80°C for storage. At a later stage, embryos were thawed to Ϫ20°C, and 10-m-thick sections were prepared using a cryostat (Leica, Deerfield, IL).
Preparation of Embryonic Cell Cultures
Embryonic primary myoblast cultures were prepared by dissection of the hindlimbs from rat embryos at days 14, 17, and 21 of gestation. Pregnant Sprague Dawley rats were euthanized as described above. The embryos were removed and euthanized by decapitation and rinsed with 70% ethanol. The hindlimbs were removed with sterile scissors, and the limbs were placed in a tissue culture dish containing a small amount of PBS, sufficient to keep the tissue moist. In a sterile tissue culture hood, the hindlimbs were dissociated and plated as described in Isolation of Muscle Cells, above.
Immunofluorescence Staining of Tissue Sections
Sections on slides were thawed and then hydrated with PBS. The sections were then fixed in 1.5% formaldehyde, 0.02% azide, in PBS (PBS/azide) for 8 min at room temperature. The sections were then rinsed with 0.15 M glycine in PBS for 30 min. The sections were then blocked with 10% normal goat serum in PBS for 30 min, after which they were rinsed three times for 5 min each in PBS/azide. Either the antibody to ␣7 integrin, 1211, at a dilution of 1:1000 (Yao et al., 1996b) or the antibody to embryonic myosin heavy chain, F1.652 (Silberstein et al., 1986) , at a dilution of 1:400 in PBS ϩ 10% normal goat serum was then applied for 1-12 h. The sections were then rinsed three times for 10 min each, after which the sections were incubated in secondary antibody for 30 min. For ␣7 integrin staining, the secondary antibody was Texas Redconjugated goat anti-rabbit IgG (Jackson ImmunoResearch) at 1:200; for embryonic myosin heavy chain staining, Alexa 488-conjugated goat anti-mouse IgG (Molecular Probes) was used at a 1:200 dilution.
RESULTS
The Monoclonal Antibody H36 Recognizes ␣7 Integrin on Rat Myoblasts Grown on Laminin but not on Collagen ␣7 Integrin is a muscle-specific cell surface protein, which has been used to develop methods for isolating both rat (Kaufman and Foster, 1988) and mouse (Blanco-Bose et al., 2001) primary myoblasts from mixed cultures using either magnetic beads or a fluorescence activated cell sorter (FACS). In the course of refining the method for isolating rat primary myoblasts, we determined that exposure of the cell to laminin was required for the antibody to ␣7 integrin, H36, to recognize the integrin. These findings for rat myoblasts contrasted markedly with those observed for mouse primary myoblasts, because the monoclonal antibody CA5.5 recognizes mouse ␣7 integrin on either collagen or laminin. This distinction formed the basis of all subsequent studies presented here and allowed a reinterpretation of previous data regarding the role of ␣7 integrin in myogenesis.
When a mixed cell population of myoblasts and fibroblasts was isolated using a non-FACS-based differential plating method developed in our laboratory (Rando and Blau, 1994) and then grown on collagen-coated tissue culture dishes, no ␣7 integrin expression was detected with a monoclonal antibody, H36. However, if the same cell population was grown on dishes coated with laminin, the ligand of ␣7 integrin (von der Mark et al., 1991) , reaction with H36 was detected by FACS (Fig. 1A) . Immunohistochemical staining of myoblasts grown on collagen and laminin served to confirm the matrix-dependent recognition by H36 of ␣7 integrin (Fig. 1A) .
Primary myoblast cultures often contain contaminating nonmyogenic cells, which are present in muscle tissues. Since ␣7 integrin is specifically expressed on myoblasts, the differences in detectable ␣7 integrin in these two assays could reflect differences in the number of myogenic cells that survive on collagen and laminin. To determine whether this was the case, cells grown on collagen or laminin were stained with an antibody that detects a muscle-specific structural protein, desmin. On both matrices, the majority of cells were myoblasts (Fig. 1A) . Thus, selective growth of myoblasts relative to nonmyogenic cells was not the basis for the differences in ␣7 integrin detection observed with cells grown on laminin rather than collagen.
To determine whether ␣7 integrin staining was dependent on the presence of its ligand, laminin, rat primary myoblasts isolated by differential plating were initially grown on collagen. A subset of cells was then either plated on laminin-coated tissue culture dishes or maintained on collagen for 24 h. When both populations of cells were analyzed by FACS, the cells exposed to laminin expressed ␣7 integrin detectable with H36 antibody, whereas those exposed only to collagen exhibited no detectable ␣7 integrin staining (Fig. 1B) . Desmin staining again showed that all of the cells irrespective of whether they were grown on collagen or on laminin were myoblasts (data not shown). Thus, the increase in ␣7 integrin staining following exposure to laminin for 24 h was not a result of myoblast enrichment.
To determine whether laminin induced or collagen repressed ␣7 integrin recognition by H36 antibody, a freshly isolated population of cells was plated on collagen and FACS analysis was performed on the population at passage 0 and passage 1 (Fig. 1C) . The cells at passage 0 on collagen, 1 day after isolation from muscle tissue, exhibited detectable staining for ␣7 integrin, suggesting that collagen itself does not prevent ␣7 integrin recognition by the H36 antibody. As this was a mixed population of cells containing FIG. 1. H36 antibody recognizes ␣7 integrin on myoblasts grown on laminin but not on collagen. (A) Rat primary myoblast cells grown continuously on either collagen or laminin since isolation were immunostained with the H36 antibody to rat ␣7 integrin followed by an FITC-conjugated secondary antibody and then analyzed by FACS. The antibody H36 only recognized ␣7 integrin when the cells were grown on laminin. The cartoon serves to illustrate the extracellular location of the epitope recognized by H36. The FACS results were confirmed by immunohistochemical staining of fixed primary myoblasts for ␣7 integrin with the H36 antibody followed by an Alexa 488-conjugated secondary antibody which demonstrated a similar result of ␣7 integrin recognition only in the presence of laminin. Immunostaining of cells grown on either collagen or laminin with an antibody to the muscle-specific protein desmin and a Texas Red-conjugated secondary antibody served to confirm that both populations were indeed myoblasts. (B) Freshly isolated rat primary myoblasts were initially grown on collagen and immunostained with the H36 antibody to rat ␣7 integrin followed by an FITC-conjugated secondary antibody. When analyzed by FACS, these cells showed no detectable ␣7 integrin expression. The cells were then switched to laminincoated dishes for 24 h, after which they were immunostained anew with H36 and the FITC secondary antibody. The cells now showed detectable levels of ␣7 integrin expression. The cartoon illustrates the extracellular nature of the epitope recognized by H36. (C) Rat primary myoblast cells freshly isolated from the rat hind limb and plated on collagen-coated dishes overnight were immunostained with the H36 antibody to rat ␣7 integrin followed by an FITCconjugated secondary antibody. FACS analysis of these cells showed detectable levels of ␣7 integrin expression despite being grown on collagen. However, if the cells were allowed to remain on collagen for one passage, approximately 48 h, and then immunostained anew with H36 and an FITC-conjugated secondary antibody, the cells showed no detectable ␣7 integrin by FACS. The cartoon illustrates the extracellular nature of the epitope for H36. both fibroblasts and myoblasts, two peaks were observed, as expected. Indeed, the expression of ␣7 integrin on myoblasts but not on fibroblasts is the basis for two FACS-based methods of rodent myoblast purification (Blanco-Bose et al., 2001; Kaufman and Foster, 1988) . By the next passage on collagen, staining for ␣7 integrin was no longer detectable with H36, suggesting that the ongoing presence of laminin was required. A similar loss of detectable ␣7 integrin expression was observed for cells placed on fibronectin (data not shown), showing that the loss of detectable H36 expression was not due to a specific repression by collagen. Instead, laminin actively induces a change in ␣7 integrin conformation recognized by H36.
The differential detection of ␣7 integrin might be due to some particular trait specific to rat myoblasts. To examine whether this was indeed the case, mouse cDNA coding for ␣7 integrin (Yao et al., 1996a) was expressed in rat primary myoblasts and grown on either collagen or laminin. Immunohistochemical analysis of these transfected rat primary myoblasts with a species-specific monoclonal antibody to mouse ␣7 integrin, CA5.5 (Yao et al., 1996b) , detected ␣7 integrin on both collagen and laminin (data not shown). These results demonstrate that lack of detection by H36 is not due to the species of the cells (rat) in which the integrin is expressed.
Equivalent Accumulation of ␣7 Integrin Transcripts and Protein in Myoblasts Grown on Collagen or Laminin
To determine whether the differential staining of antibody H36 was due to differences in the levels of ␣7 integrin mRNA ( Fig. 2A) , Northern blots were carried out. The steady-state level of ␣7 integrin mRNA was equivalent in myoblast cells whether they were grown on collagen or laminin. Thus, the differences in ␣7 integrin staining were not a result of differences in rate of transcription or mRNA turnover.
To determine whether the increased detection of ␣7 integrin on laminin was due to differences in ␣7 integrin protein expression, cell lysates were subjected to electrophoresis on denaturing gels and Western blot analysis performed. Protein samples from undifferentiated rat primary myoblasts grown on either collagen or laminin were probed with a polyclonal antibody 1211 that recognizes a cytoplasmic region of the ␣7B integrin isoform (Yao et al., 1996a) . The 1211 antibody was employed as opposed to H36, which was previously shown not to be sensitive enough in immunoblotting assays to detect the lower levels of ␣7 integrin expressed in undifferentiated myoblasts (Song et al., 1992; Yao et al., 1996b) . Western blot analysis revealed at least as much ␣7 integrin when myoblasts were grown on collagen as on laminin at the expected molecular weight of 117 kDa (Fig. 2B, top panel and graph) , indicating that the difference in H36 detection was not due to a difference in integrin accumulation on laminin.
Although ␣7 integrin was not detected by H36 antibody on undifferentiated myoblasts, it was detected in differentiated myotubes both on collagen and laminin (Fig. 2B , bottom panel). This finding is not unexpected given the higher levels of ␣7 integrin expression in differentiated
FIG. 2. ␣7 Integrin Protein and RNA levels are not Matrix Dependent. (A) Northern analysis of RNA isolated from undifferentiated cells grown on either collagen (C) or laminin (L) demon-
strates that the level of ␣7 integrin RNA is the same under both conditions. RPL32, a housekeeping gene, was used as a loading control for the Northern analysis. The graph shows that this result is consistent over three RNA experiments; error bars represent standard error of the mean. (B) Protein was isolated from rat primary muscle cells grown on either collagen (C) or laminin (L), and then immunoblotted with antibodies to ␣7 integrin; either 1211 recognizing an intracellular domain (upper blot), or H36 recognizing an extracellular epitope (lower blot). A cartoon serves to illustrate this point. To determine the levels of ␣7 integrin in undifferentiated cells Western analysis was performed using the rabbit polyclonal antibody, 1211 (upper blot). Rat primary myoblasts that were grown on either collagen or laminin both exhibited ␣7 integrin protein expression at approximately the same levels. The graph shows that this result with the 1211 antibody is consistent over three experiments; error bars represent standard error of the mean. The H36 antibody is less sensitive than 1211 and only differentiated primary myoblasts produced sufficient levels of protein to be detected by ␣7 integrin. As discussed in the text, ␣7 integrin is detected on differentiated cells even when grown on collagen, probably due to endogenous laminin (lower blot). However, this immunoblot serves to illustrate that the extracellular epitope recognized by H36 in not lost by protein reduction.
myotubes (Song et al., 1992) . The ability of H36 to recognize the denatured ␣7 integrin in this immunoblot assay demonstrated that the epitope recognized by H36 is a contiguous peptide sequence within a single protein. If a particular tertiary structure were required, it would not have been detected under denaturing conditions.
FIG. 3. ␣7
Integrin is expressed in the absence of H36 reactivity. (A) To determine whether ␣7 integrin was being sequestered inside the cell and was thus not available to the H36 antibody against ␣7 integrin, rat primary myoblasts were immunostained with H36 and an Alexa 488-conjugated secondary antibody in the presence or absence of the permeabilizing agent, saponin. Hoechst 33258 dye was used to stain the nuclei of the cells. ␣7 Integrin expression was not detected in either the presence or absence of permeabilization. The cells were immunostained with an antibody to the intracellular muscle specific protein desmin to illustrate that the saponin indeed permeabilized the cells. (B) As shown previously, rat primary myoblasts immunostained with the H36 antibody and an Alexa 488-conjugated secondary antibody only detected ␣7 integrin when the cells were grown on laminin and not on collagen. However, rat primary myoblasts on collagen showed detectable levels of ␣7 integrin when immunostained with an antibody, 1211, to the intracellular region of ␣7 integrin. The cartoons demonstrate the location of the epitope for each of the antibodies.
The Monoclonal Antibody to ␣7 Integrin, H36, Recognizes Only the Ligand-Bound Form of ␣7 Integrin
A possible explanation for the lack of reactivity of the monoclonal antibody H36 is that the ␣7 integrin epitope recognized by this antibody is sequestered inside the cell in the absence of laminin. To examine this possibility, myoblast cells were grown on collagen and then permeabilized with saponin and stained with H36 (Fig. 3A, top panels) . That the permeabilization protocol allowed detection of intracellular epitopes with antibodies was demonstrated using the intracellular structural protein, desmin, as a positive control (Fig. 3A, bottom panels) . When the same protocol was applied to ␣7 integrin detection by H36, no staining was observed, suggesting that the epitope is not detectable inside the cells. These results suggest that the epitope recognized by H36 is extracellular and forms upon contact with laminin.
We reasoned that another antibody to ␣7 integrin that recognizes a different epitope might react with the protein in a laminin-independent manner. To test this hypothesis, cells were first permeabilized and fixed as above and then reacted with antibody 1211 that recognizes an intracellular domain of ␣7 integrin (Yao et al., 1996a; Yao et al., 1996b) . Cells were reacted with antibody H36 and 1211 and compared (Fig. 3B ). Cells stained with antibody H36 exhibited the typical staining pattern observed with ␣7 integrin, irrespecitve of permeabilization: no signal on collagen and strong signal on laminin (see also Fig. 1A ). In contrast, the permeabilized cells stained with the antibody 1211 showed staining in cells grown on either collagen or laminin. These data demonstrate that there is ␣7 integrin present on rat primary myoblasts grown on collagen which can be recognized by antibody 1211 but not by antibody H36.
To directly test whether laminin binding to ␣7 integrin leads to the exposure of the epitope recognized by the H36 monoclonal antibody, rat primary myoblasts grown on collagen were cocultured with laminin-coated beads (Fig. 4) . These cells were fixed and immunostained both for ␣7 integrin and laminin. The stained myoblasts were then examined by optical sections using deconvolution microscopy to determine the location of the ␣7 integrin. Several fields were analyzed and sections prepared of each field. In general, laminin-coated beads were associated in clusters with cells, whereas control uncoated beads were frequently not associated with cells and were not clustered. Most striking was the finding that ␣7 integrin was only recognized by the H36 antibody in the region where laminin beads contacted the myoblast cell surface directly. Thus, the effect was localized at a subcellular level at the point of laminin/integrin contact and a global effect on the cell that would cause all integrins to be altered was not observed. This experiment shows conclusively that the H36 monoclonal antibody recognizes an epitope that is revealed only when the integrin is bound to its ligand, laminin. These data suggest that H36 is recognizing a specific change in the conformation of the integrin. We hypothesize that this laminin-bound conformation is the active form of the integrin which is involved in signal transduction.
Expression of ␣7 Integrin Prior to Secondary Myofiber Formation
In previous studies using the H36 antibody to analyze the expression of ␣7 integrin during development, the integrin was not detected in vivo on myofibers until e16, and relatively few cells isolated from limbs at earlier stages expressed detectable ␣7 integrin (George-Weinstein et al., 1993) . We determined whether ␣7 integrin expression could
FIG. 5. ␣7
Integrin is expressed on primary lineage myoblasts in vitro. Primary rat embryonic myoblast cells were isolated from embryonic rats at day 14 (e14), day 17 (e17), and day 21 (e21) gestation. These freshly isolated cells were grown in vitro on collagen for 2 days and then immunostained for ␣7 integrin with either H36, recognizing an extracellular epitope, or 1211, recognizing an intracellular epitope, followed by an appropriate Alexa 488-conjugated secondary antibody. A cartoon serves to illustrate the distinct epitopes. At e14, the H36 antibody recognizes little or no ␣7 integrin on the cell surface of myoblasts grown on collagen. At e17 and e21, only the differentiated myotube cells grown on collagen demonstrate detectable ␣7 integrin with H36. Embryonic myoblast cells immunostained with 1211 showed strong staining at all three developmental stages on collagen, thus demonstrating the ability of embryonic day 14 myoblasts to express ␣7 integrin.
FIG. 6. ␣7
Integrin is present in vivo in early muscle development. (A) To determine the localization of laminin expression in relation to sites of muscle formation in the early embryo, a rat embryo was sectioned at e14 and immunostained with an antibody specific for laminin and the F1.652 antibody, specific to embryonic myosin heavy chain (embryonic MyHC). Laminin was visualized by a Texas Red-conjugated secondary antibody, while embryonic myosin heavy chain was visualized by an Alexa 488-conjugated secondary antibody. The section shows distinct patterns of expression for both these proteins with little overlap between them. The bar in the figure represents 1 mm. (B) This is a magnification of the region boxed in the upper panel, showing more clearly the distinct patterns of expression of both the embryonic myosin heavy chain and laminin. The bar here represents 1 mm. (C) The image is a significantly higher magnification of the developing myofibers expressing the embryonic myosin heavy chain. Here, the bar represents 5 m. This section was immunostained with both the 1211 antibody to ␣7 integrin, and the F1.652 antibody to embryonic MyHC. The cartoon represents the intracellular nature of the ␣7 integrin epitope recognized by the 1211 antibody. The embryonic MyHC was visualized by an Alexa 488 secondary antibody, while the ␣7 integrin was visualized by a Texas Red-conjugated secondary antibody. The embryonic MyHc immunostaining serves to localize the myogenic cells in the section. ␣7 Integrin was observed at this early stage in development to be localized to the surface of the early developing primary myofibers, significantly earlier than previously reported. be detected in myoblasts isolated from timed rat embryos at day 14, day 17, and day 21 of gestation. When freshly isolated rat primary myoblasts were cultured on collagen for 1 day and then fixed and stained for ␣7 integrin expression using the H36 antibody, the pattern of ␣7 integrin expression in vitro paralleled that reported previously (George-Weinstein et al., 1993) : there was little or no expression at e14, but expression was detected by e17 and e21. By contrast, undifferentiated myoblasts isolated at these stages and plated on laminin all showed high levels of H36-detectable ␣7 integrin expression (data not shown). Myotubes, on the other hand, expressed ␣7 even on collagen. Previous work has shown that differentiated myotubes express ␣7 integrin at significantly higher levels than undifferentiated myoblasts (Song et al., 1992) . In addition, myotubes, unlike undifferentiated myoblasts, are known to secrete high levels of laminin in vitro (Olwin and Hall, 1985; Patton et al., 1997) . This increase in endogenous laminin expression, coupled with an increase in the ␣7 integrin receptor, is presumably responsible for the detection of ␣7 integrin observed with the H36 antibody in the differentiated myotubes in Fig. 5 . By contrast, replicate plates of cells derived from all three different embryonic stages grown on collagen (Fig. 5) , as well as laminin (data not shown) showed ␣7 integrin detectable with antibody 1211. These data show that the antibody to the intracellular epitope recognizes ␣7 integrin in vitro, both in cells derived from muscle when only primary myofibers are present (e14), or when primary and secondary myofibers are present (e21). This suggests that the lack of detection of ␣7 integrin expression observed with the H36 antibody reflects the absence of laminin rather than the integrin protein itself. These results suggested that the pattern of expression of ␣7 integrin in muscle tissue during development might differ from that previously reported.
Detection of ␣7 Integrin Prior to Secondary Myofiber Formation in Vivo
Previous in vivo studies on ␣7 integrin expression (George-Weinstein et al., 1993) performed with the H36 antibody showed that ␣7 integrin expression correlated with the onset of secondary myofiber formation. Given the findings described above, we undertook a study of laminin expression in relation to developing primary and secondary myofibers identified by the expression of embryonic myosin heavy chain (eMyHC) in vivo (Blau et al., 1985; Cho et al., 1994; Hughes and Blau, 1992; Hughes et al., 1993; Silberstein et al., 1986) . Rat embryos from days e14 (Fig. 6) , and e21 (data not shown) of gestation were sectioned and immunostained with the antibody to laminin and eMyHC. The stained sections for e14 (Figs. 6A and 6B) were analyzed by fluorescence microscopy to determine the location of laminin in relation to eMyHc at this early stage of development. There appeared to be little overlap in the distribution of these two proteins, suggesting that myofibers at e14 do not come in contact with laminin. As a result, the ␣7 integrin that is present can not be detected by the H36 antibody in primary myofibers. To determine whether this was indeed the case, rat e14 embryo sections were stained for ␣7 integrin with the 1211 antibody and embryonic MyHC with the F1.652 antibody. Deconvolution microscopy was used to produce sections in different regions of the tissue of the embryo. Moreover, this method allowed a determination of whether the same myofibers expressed both MyHC and ␣7 integrin. ␣7 Integrin was detected in all of the MyHC-positive cells stained at e14 (Fig. 6C) , confirming the presence of ␣7 integrin protein at this early stage of muscle development. These data reveal that ␣7 integrin is expressed at a much earlier point in development (e14) than previously reported.
DISCUSSION
The results presented here suggest a reinterpretation of earlier findings by others regarding myofiber formation during mammalian development. Myofiber formation has long been thought to occur in two distinct stages (Kelly and Zacks, 1969) . The first stage occurs early in embryogenesis, at e14 in the rat, during which embryonic myoblasts fuse to form primary myofibers. Later in embryogenesis, at e16 in the rat, secondary myofibers begin to form. These two myofiber types are distinct based on size and on gene expression, for example, the myosin isoforms they express (Cho et al., 1994; Kelly and Zacks, 1969; Miller et al., 1999) . The derivation of secondary fibers has been obscure, but the most compelling evidence that they might be distinct was ascribed to their expression of ␣7 integrin, a receptor not present on myoblasts that fuse to form primary fibers (George-Weinstein et al., 1993) . However, the regulation of the appearance of the integrin was presumed to be at the level of de novo synthesis, as it was not detected prior to secondary fiber formation. Here, we show that this integrin and its ligand are present much earlier in development in primary fibers. Thus, it is regulated at a posttranslational level upon direct contact with its ligand. A change in conformation presumably renders it functional as a receptor capable of signal transduction.
The development of methods for purifying mouse and rat myoblasts using antibodies to ␣7 integrin first suggested that the regulation of the protein was complex. Rat myoblasts previously purified by others using the H36 antibody (Kaufman and Foster, 1988) could not be isolated in our laboratory using this antibody in conjunction with culture conditions that were successful for mouse myoblasts. The basis for this difference could be ascribed 1) to the matrix on which the myoblasts were grown in vitro and 2) to differences in the protein recognized by the rat and mouse antibodies to ␣7 integrin. As shown in this report, antibody H36 only detects ␣7 integrin on rat myoblasts when they are grown on laminin, but not collagen, whereas antibody 1211 recognizes ␣7 integrin on both.
That direct interaction of the ligand, laminin, with ␣7
integrin is required to unmask the epitope recognized by H36 was demonstrated with laminin-coated 2.8-m beads. Optical sections obtained by deconvolution microscopy showed that ␣7 integrin was only detected on muscle cells where laminin-coated microspheres were in direct contact with cells, whereas neighboring clusters of uncoated microspheres in contact with the same cell had no such effect. Thus, H36 recognized ␣7 integrin that had directly interacted with the ligand. A global effect of ligand contact at one site did not alter the conformation of integrins elsewhere on the cell surface, demonstrating that the effect was localized to the sites of ligand/integrin interaction. These results are in good agreement with those obtained for other integrins, in which the ligand induces a conformational change leading to the recognition of a previously masked epitope (Frelinger et al., 1991) . Changes in epitope accessibility have previously been observed for other integrins. Studies in platelets first elucidated that cells could change their integrin conformation to render them competent to bind ligand (Shattil et al., 1985) . Nonactivated platelets did not bind the monoclonal antibody PAC-1 to ␣IIb␤3, although the integrin was present on the cell surface as determined using other antibodies. Once the platelets were activated, the PAC-1 antibody recognized the ␣IIb␤3 integrin, which was now available for interactions with the ligand. The ligand-bound ␣IIb␤3 was recognized by yet another monoclonal antibody, PMI-1 (Frelinger et al., 1991; . Similar conformational changes have been reported for several other integrins that correspond to changes in affinity of the integrins for their ligands. In the case of the leukocyte integrin, ␣M␤2, the monoclonal antibodies 7E3 (Altieri and Edgington, 1988) and NKI-L16 (Keizer et al., 1988; van Kooyk et al., 1991) prepared to the ␣ subunit recognized only the ligand-bound integrin conformation. Here, we show that primary myoblasts initially express ␣7 integrin in an inactive state that is not recognized by antibody H36 and that binding of the ligand, laminin, leads to the active state, recognized by antibody H36.
The structural state of the integrin in primary muscle cells upon removal from the tissue was retained for a period of time in tissue culture. Primary muscle cells when initially isolated were shown to have ␣7 integrin in an activated ligand-bound conformation recognized by antibody H36 1 day after isolation, regardless of whether they were plated on collagen-or laminin-coated dishes. However, 3 days after isolation, the cells grown on collagen had lost their activated integrin conformation and were no longer recognized by the H36 antibody. Thus, following the initial passage of primary myogenic cells using either trypsin or EDTA and subsequent growth on collagen, the active integrin conformation was not immediately reversed. This persistence of the active form is likely to be due to the presence of residual laminin, since the initial unfiltered dissociated tissue consisted of several different cell types as well as matrix material. With progressive passaging, this residual matrix material was gradually diluted and removed. Thus, the ligand, laminin, is not only necessary for the initiation of the activated ligand-bound structure, but also required for its maintenance.
When the transformed rat L6 myoblast cell line (Yaffe, 1968) was examined for ␣7 integrin expression using the H36 antibody, the integrin was detected in the absence of laminin (data not shown). This finding suggests that the ␣7 integrin in these cells, by contrast with primary diploid myoblasts, is in a constitutively active form. We hypothesize that this is the reason that the L6 myoblast line can grow in the absence of collagen or laminin, matrices required for primary myoblast cell growth in tissue culture.
The identification of H36 as an antibody that is capable of recognizing the ligand-bound conformation of ␣7 integrin provides a powerful tool for determining the structural and possibly the functional status of the integrin during primary and secondary myofiber formation. Indeed, the data presented here suggest that ␣7 integrin expression, but not activation, may occur early in myogenesis on myoblasts destined to form primary fibers. By using antibody 1211 we demonstrated that ␣7 integrin is expressed on e14 primary lineage myoblasts and myofibers both in vitro and in vivo. Our examination of e14 embryo sections show that, while there is laminin present at this early stage of development, it does not colocalize with the myogenic cells. The lack of detection of ␣7 integrin expression by H36 in vivo until e16 (George-Weinstein et al., 1993) was probably due to the lack of contact of laminin as it was not in the vicinity of early myogenic cells. Thus the previously observed appearance of ␣7 integrin on the secondary myoblasts reflected a posttranslational change, a conformational change of the ␣7 integrin in response to laminin binding.
A single population of myoblasts could account for our results, ruling out the necessity to invoke the existence of two distinct myoblast populations in myogenesis. It now appears likely that primary and secondary phases of myogenesis may be distinguished, not by the expression, but rather by the activation of preexisting ␣7 integrin upon contact with its preexisting ligand, laminin. Thus, the onset of signal transduction via ␣7 integrin may well be critical to the initiation of secondary fiber formation during this later phase of myogenesis.
